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Nowadays, the society is facing a large health problem with the rising of new diseases, including cancer, heart diseases, diabetes,
neurodegenerative diseases, and obesity. Thus, it is important to invest in substances that enhance the health of the population.
In this context, epigallocatechin gallate (EGCG) is a flavonoid found in many plants, especially in tea. Several studies support the
notion that EGCG has several benefits in fighting cancer, heart diseases, diabetes, and obesity, among others. Nevertheless, the poor
intestinal absorbance and instability of EGCG constitute the main drawback to use this molecule in prevention and therapy. The
encapsulation of EGCG in nanocarriers leads to its enhanced stability and higher therapeutic effects. A comprehensive review of
studies currently available on the encapsulation of EGCG by means of nanocarriers will be addressed.

1. Introduction

Green tea is an infusion of the tea plant, which has been
consumed for centuries in East Asia, associated with health
benefits [1, 2]. This beverage is highly concentrated in
antioxidants, namely, polyphenols, such as catechins [3, 4].
Recent studies found that these polyphenols have numerous
benefits in the prevention and treatment of cancer, vascular
and degenerative diseases, diabetes, obesity, and other health
concerns [5–7].

1.1. Chemical Structure of Epigallocatechin Gallate (EGCG).
Green tea has a great amount of polyphenols divided into
three major groups: flavanols, flavones, and flavonols [8].
These compounds have similar chemical structure, with
differences in the heterocyclic C-ring. Flavonols and flavones
have a similar C-ring structure with a double bond at the
2-3 positions. The difference between the two polyphe-
nols is the lack of a hydroxyl group at the 3-position in
flavones. Flavanols differ from flavonols due to the lack
of an oxygen group at the 4 position of the C-ring and
the double bond at the 2-3 position [9]. Flavanols com-
prise the majority of the green tea content, with cate-
chins being about one-third of the dry leaf weight, and
are mainly distributed by four molecules: (−)-epicatechin

(EC), (−)-epigallocatechin (EGC), (−)-epicatechin gallate
(ECG), and (−)-epigallocatechin gallate (EGCG) [3]. This
last one, EGCG, is the most abundant and therapeutically
active catechin present in green tea, constituting 65% of the
total catechin content [10]. The chemical structures of these
compounds are illustrated in Figure 1.

EGCG is a complex molecule formed by a flavanol core
(flavan-3-ols) structure with a gallocatechol group and a
gallate ester [8]. These two gallocatechol rings confer the
potent antioxidant and chelating properties to EGCG [11].
Each of the gallocatechol rings is capable of directly capturing
free radicals from the environment with high efficiency [12].

Previous studies have shown that EGCG possesses a
stronger antioxidant capacity compared with the other green
tea catechins and it is also demonstrated that EGCG is more
efficient in radical scavenging than vitamins E and C [13, 14].

In the human body, catechins are capable of reducing the
amount of free radicals by chelating metal ions, especially
the iron ion [15]. These metal ions are known to produce
free radicals by Fenton’s reaction [16]. They accomplish
this sequestration by binding the ion to the catechol or
the galloyl groups found in the structure of the catechins
[17]. The number of these groups that are present in the
catechin strongly influences the ion binding capacity [18].The
catechins with only one group, EC and EGC, are only capable
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Figure 1: Chemical structure of the four major catechins present in tea. (a) (−)-Epicatechin (EC), (b) (−)-epigallocatechin (EGC), (c) (−)-
epicatechin gallate (ECG), and (d) (−)-epigallocatechin gallate (EGCG).

of binding one ion [18]. On the other hand, the catechol group
and galloyl group inECGand the pyrogallol group and galloyl
group are spatially distant from one another, which allows
them to independently chelate two ions per molecule [18].

1.2. Therapeutic Potential of EGCG. For many years, the
consumption of green tea has been associated with numerous
health benefits [2, 19].These properties can be directly linked
with the polyphenol content of tea, more specifically with
EGCG. For this reason, the study of EGCG is of utmost
importance because this compound seems to prevent and
also be useful in the treatment of numerous diseases like
cancer and cardiovascular and neurodegenerative diseases [1,
20–22]. EGCG is a powerful antioxidant, anti-inflammatory,
antibacterial, and antiviral agent and is capable ofmodulating
some pathways, changing the metabolism of lipids [20, 23–
26].

1.2.1. Cancer Chemoprevention. Cancer is the end of several
steps of cellular growth lesions, namely, hyperplasia, meta-
plasia, dysplasia, and neoplasia [59]. Each of the presented
conditions is a progression in the cancer formation, cul-
minating in the malignant neoplasia known as cancer [59,
60]. Nowadays, most modern therapies currently available
for treating cancer are very expensive and toxic and have
low effectiveness in treating the disease [60]. Therefore,
it is urgent to investigate natural compounds like EGCG
derived from green tea for the prevention and treatment
of cancer and other diseases [59]. According to previous
studies, EGCG is a promisingmolecule in the prevention and
treatment of cancer [61–63]. Some anticancer properties of

EGCG are attributed to its free radical scavenging properties,
avoiding the damage of the cell structures induced by the
free radicals [64]. Besides being antioxidant, EGCG has the
ability to bind and modulate the activity of several signaling
molecules related to mitosis, survival, and cellular death,
moderating the cellular responses present in cancer [65].
Previous works demonstrated that EGCG is able to inhibit
all of the processes involved in carcinogenesis: initiation,
promotion, and progression [66, 67]. EGCG has the ability
to bind to some proteins associated in molecular pathways
that are misregulated in cancerous cells. Indeed, EGCG
induces the suppression of two important transcription
factors, tumor suppressor p53 and nuclear factor kappa-
light-chain enhancer of activated B-cells (NF-kB), leading to
regression of the tumors [66, 68]. To assist the growth of
the tumor, new capillaries are needed to satisfy the oxygen
and nutrient requirements of the cells [69–71]. The growth
process of new blood vessels is called angiogenesis [69–71].
To promote formation of new capillaries, the tumor secretes
signaling molecules to the surrounding tissues, especially
vascular endothelial growth factor (VEGF). VEGF is directly
influenced by the activity of hypoxia-inducible factor 1𝛼
(HIF-1𝛼) and NF-kB factors, which are modulated by the
presence of EGCG [69–71]. For these reasons, EGCG is able
to diminish tumor angiogenesis and stall growth [72]. In
addition, there is strong evidence that EGCG is capable of
diminishing migration and metastasis formation of tumors
[73, 74]. Previous studies report that EGCG promotes a
reduction in the migration and metastasis formation of
tumor cells with tumor size reduction, accomplishing a more
reliable and efficient chemotherapy [75–77]. Although the
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single use of EGCG in chemotherapy is unlikely due to its
inefficacy in completely eliminating the disease, it would be
very interesting to use EGCG as an adjuvant of the cytostatic
drugs [78, 79]. This synergism that has been reported in
numerous in vitro, in vivo, and preclinical studies may be
useful to reduce the amount of the necessary cytostatic
drugs, which will reduce the side effects [78–80]. In addition,
EGCG’s antioxidant and anti-inflammatory properties are
also useful to protect against chemotherapy side effects.
Finally, the health benefits of EGCG would be advantageous
in enhancing the overall condition of the patients [59, 68].

1.2.2. Cardiovascular Benefits. Cardiovascular diseases have
a high incidence, mainly in the developed world due to
a sedentary lifestyle, poor nutrition, and ambient factors
[81, 82]. A diet rich in cholesterol, fat, and sugar can
lead to coronary diseases like arteriosclerosis and ischemia
[81, 82]. Recent studies showed that EGCG can enhance
the capillary circulation dilating the capillaries, diminishing
inflammation, and interfering with the lipid absorption and
digestion [82–84]. On the other hand, EGCG interferes
directly with the lipid emulsion process in the lipid digestion
[85]. This is achieved by direct interference in the micelle
formation and by inhibiting the phospholipase A2, with this
enzyme being of high importance in the lipid digestion [85].
The junction of the two processes can limit the absorption
of lipids and consequently lower the amount of plasmatic
lipids and cholesterol [85]. In addition, EGCG can lower
cholesterol even more, stimulating its excretion through the
bile. Moreover, EGCG will further improve the lipid profile
by enhancing the lipid metabolism [86, 87]. This catechin
can also modulate the process of platelets formation, from
macrophage recruiting to macrophage uptake of cholesterol
[86, 87].This effect is internallymodulated in themacrophage
and externally helped by the anti-inflammatory response
caused by EGCG [83]. Previous studies demonstrated that the
administration of EGCG is capable of preventing the growth
and also reducing the size of existing platelets. The action
mechanism responsible for the anti-inflammatory property
of EGCG is the direct inhibition of the phospholipaseA2 [83].

1.2.3. Neurodegenerative Diseases. The causes of neurodegen-
erative diseases like Parkinson’s disease (PD) and Alzheimer’s
disease (AD) are still unknown, with various theories being
proposed. Both diseases present clinical features, like the
oxidative damage of neurons and accumulation of iron in
specific brain areas [88]. Another relevant aspect is the
accumulation ofmisfolded proteins in deposits, such as the𝛽-
amyloid peptide in AD that interferes with the survival of the
neurons, leading to premature apoptosis [88]. Special interest
has been assigned to the therapeutic role of antioxidants in
such neurodegenerative diseases [89]. The neuroprotective
properties of the EGCG agent are related to its antioxidant,
anti-inflammatory, and iron chelating properties [89]. In
addition, the blood-brain barrier (BBB) is permeable to
EGCG [90]. The mechanism behind the passage of this
hydrophilic compound through the BBB remains unknown
[90]. In the literature, it is described that EGCG is more
efficient in radical scavenging than vitamins C and E, with

its iron chelating ability being useful to significantly improve
the symptoms of these neurodegenerative diseases [14, 91].
According to what was mentioned above, EGCG is also a
cellular modulator that interacts with various pathways. In
neuronal cells, this catechin promotes cell survival responses
and the inhibition of cell death signals, leading to an enhance-
ment of neuronal health [21, 92, 93]. Modifications in cell
signaling also promote the nonamyloid 𝛼-secretase pathway,
diminishing the production of A𝛽-amyloid peptides [91].

Several research studies confirm that EGCG has neuro-
protective properties in humans, promoting an enhancement
of the degree of cognition after oral administration. These
studies also confirm that EGCG induces an overall increase
in the cerebral activity and calmness [94].

1.2.4. Infectious Diseases. Nowadays, the main strategy to
fight viruses is immunization. Unfortunately, several viral
infections lack one efficient vaccine, with the HIV infection
being the most important. Nance et al. have shown strong
HIV inhibition promoted by EGCG in cell cultures in a
dose dependent manner [95]. Moreover, Li et al. have also
proven that EGCG inhibit reverse transcriptase and act
synergistically with another reverse transcriptase inhibitor,
namely, azidothymidine [96]. Some studies also described
that EGCG is capable of binding to CD4 cells, preventing the
virus from anchoring and entering the host [95].

EGCG is also useful in the inhibition of other viruses,
such as enterovirus 71, hepatitis C, adenovirus, herpes sim-
plex virus, and influenza virus [24, 97–100]. One of the
molecular targets that seem to be deregulated by the viral
infection is the NF-kB and the MAP-kinases pathway [101–
105]. As a consequence, EGCG may induce an essential
immune response, which helps to fight the viral infection.
Concerning antibacterial and antifungal activities, EGCG
seems to be less effective in combating infectious diseases
caused by bacteria and fungi [106]. The most relevant studies
in the literature show that there may be some synergis-
tic effects on EGCG association with antibiotics against
multidrug-resistant strains, such as Staphylococcus aureus
and Stenotrophomonas maltophilia [107, 108]. The antifun-
gal activity of EGCG was also reported against human-
pathogenic yeasts, such as Candida albicans. However, the
mechanisms of action are still unclear [109, 110].

1.2.5. Chronic InflammatoryDisorder. Inflammation is a body
response to foreign structures to the humanbody anddamage
in the tissues [111]. However, in chronic inflammatory disor-
ders, this inflammatory response is continuously active lead-
ing to the destruction of healthy tissues causing all the above-
mentioned symptoms.These conditions can be incurable and
cause major discomfort to the patients [88]. Rheumatoid
arthritis is one chronic inflammatory disorder characterized
by cellular infiltration and proliferation of the synovium,
leading to the progressive destruction of the joints through
the interaction between infiltrating cells and mediators [112,
113]. These injuries lead to chronic pain affecting the life
quality of the patients [112]. In this disease, the cartilage cells
(i.e., chondrocytes) enter in apoptosis in response to oxidative
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stress and some inflammatory cytokines, interleukin (IL-
1𝛽) and tumor necrosis factor-𝛼 (TNF-𝛼) [112]. The same
cytokines also lead to the increase of bone reabsorption
and the differentiation of osteoclasts [112]. In addition, IL-
1𝛽 is capable of increasing the amounts of reactive oxygen
species via overexpression of inducible nitric oxide syn-
thase and increases the inflammation by overexpression of
cyclooxygenase (COX-2) [114]. The presence of IL-1𝛽 can
also activate the expression of matrix metalloproteinases
(MMPs) responsible for matrix degradation [114]. TNF-𝛼
also plays an important role in bone turnover. In arthritis,
there is overexpression of TNF-𝛼, which is responsible for the
differentiation and activity of osteoclasts.The long-term acti-
vation of these cells leads to bone erosion and fragility [115].
The current treatment for arthritis is by the administration
of methotrexate combined with analgesics and nonsteroidal
anti-inflammatory drugs which can be proficient in most
cases, but ineffective in some patients [113]. Moreover, recent
studies have shown that this treatment tends to lose efficacy
over time [113]. For this reason, new therapies are needed and
EGCG may be a promising compound. In fact, EGCG has
a high antioxidant activity and also capacity to decrease the
inflammation response in the body [116–118]. In cartilage cell
cultures, EGCG showedmarked inhibition of IL-1𝛽 inducible
nitric oxide synthase COX-2 expression and activity [119].
The expressions of both enzymes are mediated by NF-kB,
which is also suppressed in the presence of EGCG [119].

1.2.6. Obesity. Obesity is a medical condition characterized
by excess accumulation of fat in the body in an extension that
may have negative effects on the overall health condition and
may lead to the development of diseases, such as diabetes and
arteriosclerosis [20, 26, 120]. The main treatment of obesity
is lifestyle reeducation, including diet modification [121].
However, in some cases, drugs and supplements are needed
to help in the process of losing weight [121]. As previously
stated, EGCG interferes directly with the lipid digestion by
the inhibition of the phospholipase A2 and interfering with
the lipid/cholesterol emulsion in the gut [85, 122]. The lipid
blocking capacity of EGCG can be highly relevant in the loss
of weight andweightmanaging protocols. In addition, EGCG
is capable of enhancing the lipidmetabolism, leading tomore
caloric burn and consequent fat loss. EGCG can also interfere
with the digestion of starch by inhibition of 𝛼-amylase [123].
Besides that, the ingestion of EGCG during a weight loss
program is very useful because its administration is strongly
linkedwith circulation improvement, free radical scavenging,
and mood enhancement [94].

1.2.7. Diabetes. EGCG has been associated with the preven-
tion and reversion of diabetes mellitus through a number
of effects, such as improvement of insulin secretion, regula-
tion of glucose uptake, inhibition of insulin resistance, and
enhancement of glucose tolerance and its role in oxidative
stress and inflammation [1, 124]. However, these beneficial
effects in diabetes are not regulated by a single mechanism,
but still EGCG appears to act through multiple signaling
pathways. Green tea intake has been reported to exert benefi-
cial intestinal effects increasing the blood EGCG levels which

in turn seem to inhibit cellular glucose uptake, improving its
tolerance in vivo [124, 125]. Several studies demonstrated that
EGCG significantly enhances glucose tolerance in rodents
with type 2 diabetes mellitus [126–128]. Another study sug-
gested that EGCG increases glucose-stimulated insulin secre-
tion in db/dbmice, through its potent antioxidant effect [129].
At the same time, EGCG induces tyrosine phosphorylation
of insulin receptors, thereby mimicking insulin in H4IIE rat
hepatoma cells [130]. In H4IIE cells, EGCG downregulates
genes involved in gluconeogenesis and the synthesis of fatty
acids, triacylglycerol, and cholesterol and glucokinasemRNA
expression was upregulated in the liver of db/db mice in a
dose dependent manner [126]. Moreover, Cai et al. showed
that EGCG improves the insulin secretory function in rat
pancreatic 𝛽-cell lines under conditions of glucotoxicity
throughmediation of Akt signaling pathway [131, 132]. EGCG
also revealed effects on fatty acid-induced insulin resistance
in skeletal muscle, through the activation of protein kinase C
(PKC) or c-Jun N-terminal kinase (JNK) signaling pathways
[133]. Furthermore, EGCG can also enhance AMPK/ACC
cascade that blocks insulin receptor substrate-1 (IRS-1) serine
phosphorylation, which is essential for the glucose uptake in
response to insulin stimulus [129, 133, 134].

2. Nanocarriers Used to Deliver EGCG

Nanoparticles are structures that have at least one of the
dimensions in the nanoscale range, and because of their
high surface area to volume ratio, they present chemical,
physical, and biological properties distinct from conventional
materials [135]. Their versatility makes them excellent drug
carriers because they can be modified in various parame-
ters, including size and chemical composition, modifying
the outer layer with different ligands to assign specificity
to certain cells and/or structures among others [135]. In
addition, nanocarriers can modify the pharmacokinetics
and the stability of some drugs [135]. This is particularly
true in the case of EGCG, where nanotechnology can be
used to considerably increase the bioavailability of this
catechin [136]. There are several nanosystems used in EGCG
delivery, including lipid nanoparticles, liposomes, polymeric
nanoparticles, gold nanoparticles, inorganic nanocarriers,
and protein/peptide-based nanocarriers. From the above-
mentioned nanocarriers, lipid and polymeric nanocarriers
are the most extensively used for the delivery of EGCG.

2.1. Lipid Nanoparticles. Lipid nanoparticles were introduced
in the early 1990s, presently being one of the most used
nanosystems for drug delivery [137]. These nanocarriers are
composed of a lipid matrix [137] possessing many advan-
tages including physical stability, controlled release proper-
ties, high drug load, and excellent tolerability [138]. Their
synthesis requires at least three components, namely, the
hydrophobic lipid phase, one emulsifier, and the hydrophilic
aqueous phase [139]. There are two main types of lipid
nanocarriers: solid lipid nanoparticles (SLNs) and nanos-
tructured lipid carriers (NLCs). These two lipid nanocarriers
differ in the type of the lipid used; SLNs are composed of
solid lipids while NLC comprise a mixture of solid and liquid
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Table 1: Lipid nanoparticles used as EGCG carriers. Note. N/A denotes “not available” data.

Particle
Loading
capacity
(%)

Loading
efficiency

(%)
Size (nm) Administration

route In vitro/in vivo results Ref.

NLCs (glyceryl
tridecanoate, glyceryl
tripalmitate, soy lecithin
and Kolliphor HS15, and
chitosan)

3 99 50 Oral

High stability in both acidic
and neutral environments.
In vitro studies performed

in THP-1-derived
macrophages showed a
decrease in inflammation
and accumulation of

cholesterol.

[27]

NLCs
(phosphatidylcholine,
Kolliphor HS15, and
alpha-tocopherol acetate)

10 96 108 N/A

Increased EGCG stability.
Enhanced accumulation
inside macrophages and

decrease in the production
of MCP-1.

[28]

Phosphatidylcholine,
phosphatidylethanolamine,
phosphatidic acid, and
phosphatidylinositol

N/A N/A 30–80 Oral

Enhanced EGCG oral
bioavailability in vivo and
induction of 𝛼-secretase

activity in neuronal cells in
vitro.

[29]

NLCs (cetyl
palmitate/Phospholipon 80,
sesame oil, and Tween-80)

2.7–3.6 99 126–167 Topical Photodegradation of EGCG
under UVA radiation. [30]

SLN (glycerol
monostearate, stearic acid,
soya lecithin, and Pluronic
F68)

N/A 67 157 N/A

Enhanced stability in
physiological fluids.

Increased induction of cell
death in breast cancer cells
MDA-MB-231 and prostate

cancer cells DU-145.

[31]

Cationic lipid nanocarriers
(Softisan� 100, Poloxamer
188, glycerol, Lipoid� S75,
and CTAB/DDAB)

N/A N/A ∼150 Ocular

Prolonged release of EGCG
in biological medium.
Permeation of rabbit
cornea and sclera.

[32]

lipids [139]. Due to their distinctive lipid crystalline structure,
these nanocarriers have different encapsulation efficiency and
release behavior. In comparison to NLC, the lipid matrix of
SLN has a more ordered fully crystallized structure and for
that reason tends to have a lower drug loading [139]. It also
tends to expulse the drug content during long storage due
to crystalline rearrangement [139]. On the other hand, NLCs
have higher drug loading and storage stability in comparison
to SLNs because of the higher number of imperfections in
the lipid core promoted by the presence of the liquid lipid,
which contributed to the creation of amore disorganized lipid
matrix with more cavities available to allocate the drug [139].
Lipid nanoparticles have been used to enhance the stability of
EGCG in physiological environments, to promote sustained
release of a compound, and to improve its oral bioavailability.
A large variety of diseases have been addressed using EGCG-
loaded lipid nanocarriers including atherosclerosis and neu-
rodegenerative, skin, and ocular diseases. The main results
regarding the use of lipid nanoparticles as EGCG carriers
including nanocarrier type, size, loading capacity, loading
efficiency, and in vitro and in vivo evaluation are summarized
in Table 1.

Zhang et al. synthetized chitosan-coated NLCs made of
natural lipids (glyceryl tridecanoate and glyceryl tripalmitate)
and two surfactants (soy lecithin and Kolliphor� HS15) aim-
ing to prevent and reverse atherosclerotic lesion development
through decreasing macrophage cholesterol content. The
NLC formulation increases the EGCG stability and increases
the cell uptake, leading to a 9-fold decrease in the accumu-
lation of cholesterol in macrophage cultures in combination
with diminishing secretion of inflammatory factors [27].
More recently, the same authors synthesized a triglyceride-
free formulation for EGCG encapsulation, replacing triglyc-
eride by alpha-tocopherol acetate, and similar results were
obtained. Nanovehicles enhanced EGCG stability and accu-
mulation inside the macrophages cytosol and promoted a
reduction in the production of inflammatory factor MCP-
1 [28]. Both results highlight the potential role of EGCG-
loaded nanocarriers in the prevention of atherosclerosis.

Smith and coworkers demonstrated that nanolipidic par-
ticles significantly enhanced EGCG’s oral bioavailability in
vivo compared to free EGCG and increased its absorption
into the systemic circulation. EGCG-loaded nanocarriers
were also able to promote 𝛼-secretase activity in neuronal
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Table 2: Liposomes used as EGCG carriers. Note. N/A denotes “not available” data.

Particle
Loading
capacity
(%)

Loading
efficiency

(%)
Size (nm) Administration

route In vitro/in vivo results Ref.

Egg lecithin and
cholesterol N/A 45–78 89–93 Topical Enhanced anti-MRSA

activity in vitro and in vivo [33]

PhC and cholesterol N/A 85.8 ± 1.65 180 Oral Favorable release profile in
the gastrointestinal fluids. [34]

Sorbitan
monostearate and
cholesterol

N/A 40 100 Oral

The nanoformulation
presents a high stability in
neutral pH and enhances
the cellular permeability in
caco-2 cell monolayer.

[35]

Cholesterol,
phosphatidylcholine,
and Tween-80

60.21 ± 1.59 N/A 126.7 ± 4.3 N/A

Enhancing synergistic
effects between EGCG and

paclitaxel in inducing
apoptosis in MDA-MB-231

breast cancer cells.

[36]

cells.These results suggest that EGCGmay have an important
role in the prevention and treatment of neurodegenerative
diseases [29].

Recently, Chen et al. [30] developed lipid nanoparticles
for encapsulation of various active compounds, including
EGCG, for skin care applications. Lipid nanoparticles pre-
sented high uniformity and were able to successfully encap-
sulate hydrophobic and hydrophilic compounds both indi-
vidually and in combination. Photostability studies, however,
revealed that nanocarriers were not able to protect EGCG
against photodegradation under UVA radiation after 168
hours of exposure.

Radhakrishnan et al. [31] produced SLN as delivery
vehicle of EGCG to enhance its stability and anticancer
effects. SLNswere successful in increasing EGCG’s stability in
serum and physiological conditions and provided sustained
release of the compound at pH 5. In vitro studies using breast
cancer cells MDA-MB-231 and prostate cancer cells DU-145
revealed a sharp decrease in cell viability and higher levels of
apoptosis comparing to free EGCG.

EGCG has also been explored for the treatment of ocular
diseases related to oxidative stress and ROS production such
as diabetic macular edema or glaucoma. Recently, Fangueiro
et al. [32] synthesized EGCG-loaded cationic lipid nanopar-
ticles for ocular delivery. Nanocarriers induced prolonged
release of EGCG in physiological medium and were able to
induce EGCG permeation across rabbit cornea and sclera.
Additionally, EGCG-loaded formulations were found to be
tolerable and nonirritant.These results highlight the potential
of the produced drug delivery vehicles for ocular delivery of
EGCG.

2.2. Liposomes. Liposomes are phospholipid vesicles com-
posed of at least one lipid bilayer and an aqueous milieu
[140, 141]. Liposomes are versatile nanocarriers because
of their amphiphilic structure with both hydrophilic and
hydrophobic environments, which enables the entrapment
of hydrophobic, hydrophilic, and amphiphilic drugs [140, 141].

The size of liposomes can be finely adjusted and their surface
can be chemically modified to target specific tissues or evade
the immune system [140, 141]. External factors, such as
temperature, pH, light, and enzymes presence, can trigger
abrupt release of liposomes’ content by interfering with the
membrane stability, causing lipid layer disruption and imme-
diate drug release [140, 141]. Despite the promising results
of liposomes as nanocarriers, few studies were found using
them as EGCG carriers for therapeutic applications as shown
in Table 2.

Gharib and coworkers synthesized EGCG-loaded nano-
liposomes made of egg lecithin and cholesterol and evalu-
ated their activity against methicillin-resistant Staphylococcus
aureus (MRSA). The results showed that EGCG encapsula-
tion into cationic nanoliposomes enhanced its effect against
MRSA burn wound infections compared to free EGCG both
in vitro and in vivo. These results showed that EGCG is an
efficient antibacterial agent [33].

Luo et al. [34] synthetized liposomes made of phos-
phatidylcholine (PhC)/cholesterol aiming to prevent carcino-
genesis. The produced liposome demonstrated high stability
in gastric conditions with a small cargo loss of around 20%,
which increases slightly in the intestinal fluid to 40%. In
addition, the formulation enhanced the inhibitory effect of
EGCG on tumor cell viability at a higher concentration.

Song et al. synthesized liposomes with nonionic sur-
factants and cholesterol to improve the oral absorption of
EGCG. The authors also investigated the permeability of
Caco-2 cell monolayers to the EGCG entrapped liposomes in
comparison with free EGCG. The liposomes were capable of
significantly enhancing the apparent permeability of EGCG.
Comparedwith the free drugs, the formulation exhibited bet-
ter stability and lower toxicity [35]. These promising results
stimulate the investigation of a liposome-based nanoformu-
lation to enhance the bioavailability of EGCG by increasing
its intestinal permeability.

More recently, Ramadass et al. [36] synthesized a lipo-
some for coloading of EGCG and paclitaxel for breast cancer
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Table 3: Polymeric nanoparticles used as EGCG carriers. Note. N/A denotes “not available” data.

Particle Loading
capacity (%)

Loading
efficiency (%) Size (nm) Administration

route In vitro/in vivo results Ref.

Chitosan 0.4 N/A 440 ± 37 Oral
Enhancement of the

gastrointestinal permeation
of EGCG in mice.

[37, 38]

Chitosan, casein, and
peptides N/A N/A 150 Oral

Bioavailability of EGCG
increment in Caco-2

monolayers.
[39]

Chitosan casein
phosphopeptides N/A N/A 150 ± 4.3 Oral

Enhancement of the
intestinal permeation of
EGCG using Caco-2

monolayers.

[40]

Chitosan and aspartic
acid N/A 25 102 Oral

Increased
antiatherosclerotic activity

in rabbits.
[41]

Chitosan N/A ∼10 ∼150 Oral Reduction of human
prostate tumors in mice. [42]

Chitosan
tripolyphosphate
(CS/TPP)

N/A 40–90 143–450 N/A

Inhibition of MCF-7 breast
cancer cells proliferation.

Higher levels of modulation
of PI3K-Akt pathway.

[43]

PLGA and PEG ∼0,4 ∼9,5 80 ± 15.0 Intravenous Inhibition of the growth of
cultured cancerous cells. [44]

PLA PEG N/A N/A N/A Intravenous Reduction in the size of the
implanted tumor in mice. [45]

PLGA and PEG 1.94–2.21 49–55 130–250 Intravenous

Accentuated
antiproliferative effect on 3
different prostate cancer
cell types. Significant
inhibition of prostate
tumor growth in vivo.

[46]

PLGA 5.76 26 127 Topical Inhibition of DNA damage. [47]

Ovalbumin-dextran 20.9 30.0 339 Oral

Enhancement of the
intestinal stability and

improvement of apparent
permeability in Caco-2

models.

[48]

therapy. The produced nanoformulation could effectively
potentiate the synergistic effect between the two compounds
and promote breast cancer cell apoptosis in MDA-MB-231
cells.

2.3. Polymeric Nanocarriers. Polymeric nanocarriers are
made of polymers, which can be natural or synthetic [142]. In
polymeric nanocarriers, the drug is entrapped in the polymer
matrix, being protected from the outside environment. To
enhance the pharmacokinetic profile of the drug, or in
some cases to target some specific tissue, the outer layer of
the polymer can be functionalized using molecular markers
[142].There are several papers reporting the use of polymeric
nanocarriers to deliver EGCG in vitro and in vivo with
promising results [142]. These studies are summarized in
Table 3.

Chitosan has been themost popular choice to encapsulate
EGCG regarding its biocompatibility, biodegradability, and
low toxicity [143]. Moreover, chitosan is mucoadhesive and

can enhance the permeability of the intestine by opening the
tight junctions [143]. Dube et al. used chitosan nanocarriers
to enhance the intestinal absorption of EGCG in vitro [37].
Moreover, the same authors proved that chitosan nanocarri-
ers enhance the EGCG uptake in vivo [37, 38]. In a similar
way, Hu et al. synthetized chitosan nanovehicles cross-linked
with casein phosphopeptides. The developed nanocarriers
enhance the stability of EGCG in the gastrointestinal system
[39]. In addition, the permeability of EGCG was increased
in Caco-2 cells monolayers [40]. Hong et al. synthesized
EGCG-loaded chitosan and aspartic acid self-assembled
nanocarriers.These nanoformulations significantly improved
EGCG antiatherosclerotic effects in vivo after oral admin-
istration to rabbits [41]. Khan and coworkers used EGCG-
loaded chitosan nanocarriers in athymicmice implantedwith
prostate cancer cells and found a reduction in the growth of
the tumor compared to the two controls, one that received
the nanocarriers and the other that received the free EGCG.
The results also indicate a dose dependent relation between
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the amount of encapsulated EGCG and the size of the tumor
[42]. Recently, Zeng and coworkers [43] synthesized chi-
tosan tripolyphosphate (CS/TPP) nanocarriersmodifiedwith
folic acid (FA) and poly(ethylene glycol) (PEG) for EGCG
encapsulation. Nanocarriers promoted a decrease in MCF-
7 breast cancer cell proliferation compared to the control
group.This effect was further increased by modification with
FA and PEG. Cell uptake was also induced, particularly for
nanocarriers modified with FA, demonstrating the efficacy
of the functionalization. Finally, encapsulated EGCG could
induce higher levels of modulation of the PI3K-Akt pathway
and exert its antiproliferative effects.

Polylactic acid (PLA) and poly(lactide-co-glycolide) acid
(PLGA) are two of the most extensively studied polymers
to create nanocarriers due to their versatility and high bio-
compatibility [142, 144].The outer layer of these nanocarriers
can be easily modified with functional groups to specifically
target certain cells and/or structures. In addition, the degra-
dation over time of these nanocarriers can also be manipu-
lated and they can be synthetized to have high encapsulation
rates and controlled release properties [142, 144]. Sanna et al.
synthetized PLGA-based nanocarriers coated with PEG and
functionalized with a prostate-specific membrane antigen
(PSMA) inhibitor for the chemoprevention of prostate can-
cer. The nanocarriers were tested in prostate cancer cell lines
with promising results and induced higher bioavailability
of EGCG [44]. Siddiqui et al. also had encouraging results
but instead of PLGA-PEG they used PLA-PEG nanocarriers
for nanochemoprevention [45]. Sanna et al. [46] recently
published an updated paper where PLGA-PEG nanocarriers
functionalized with two different small peptides specific for
PSMA were synthesized. In vitro results demonstrated, once
again, an accentuated antiproliferative effect on different
prostate cancer cell types compared to that of free EGCG.
These results were then corroborated by performing in vivo
studies in an athymic nude mice xenograftmodel. Significant
inhibition of tumor growth was obtained compared to that
of free EGCG. In addition, targeted nanocarriers were more
effective in inhibiting tumor growth, demonstrating the
efficacy of the functionalization.

Srivastava et al. used EGCG-loaded PLGA nanocarriers
to prevent DNA damage and to be used in chemoprevention.
In this study, mice were treated topically with EGCG and
PLGA EGCG nanocarriers prior to the damage of DNA.
Pretreatment with free EGCG resulted in the protection
against DNA damage in the order of 28%. Pretreatment with
the EGCG-loaded nanocarriers resulted in 63% protection
from DNA damage. Moreover, EGCG-loaded nanocarriers
showed significant induction of DNA repair genes and inhi-
bition of inflammatory genes [47]. Despite their beneficial
properties, PLA and PLGA polymers have the drawback of
being unstable in acidic environments which does not make
them suitable for oral administration [44, 45]. Li and Gu
used a different type of polymer, namely, ovalbumin-dextran,
to produce nanocarriers aiming to improve stability in the
gastrointestinal tract and to enhance the absorption of loaded
EGCG. The results revealed that the ovalbumin-dextran
nanocarriers were stable in simulated gastric and intestinal
fluids and the absorption profile of EGCG was improved

since the formulation enhanced the apparent permeability
coefficient (𝑃app) of EGCG on Caco-2 monolayers compared
with free EGCG [48].

2.4. Gold Nanocarriers. Gold nanoparticles are made from a
gold core covered with a film of functional molecules, which
are capable of transporting complex molecules, including
drugs and targeting molecules [49]. Various reports, pre-
sented in Table 4, have described the use of gold nanoparticles
as delivery vehicles of EGCG. It is possible to synthetize gold
nanocarriers covered with EGCG due to the capacity of this
catechin to combine with metals, forming complexes by the
gallate ring [49]. Although gold EGCG complexes present
high stability in acidic pH conditions, they are unstable
in alkaline conditions. To circumvent this disadvantage,
Shukla et al. and Chen et al. proposed the intratumoral
administration [50, 51]. Shukla and coworkers synthetized
radioactive gold nanocarriers coated with EGCG to be used
in the treatment of prostate and other solid tumors. In
this case, EGCG served as a chemoadjuvant and targeting
molecule simultaneously, due to its anticancer properties and
high affinity and specificity to the Laminin 67R receptor
which is overexpressed in several cancers including prostate
cancer cells. Therefore, by coating gold nanocarriers with
EGCG, it is possible to target prostate cancer cells and
promote internalization by receptor-mediated endocytosis.
The results obtained were very promising and a high efficacy
of the formulation was achieved in reducing the tumor size
in the mice [50]. On the other hand, Chen et al. developed
nonradioactive gold nanocarriers coated with EGCG to
inhibit the appearance and the development of tumors [51].
The authors found a promising cytotoxic effect both in vitro
and in vivo using a murine melanoma cancer model. The
nanocarriers showed improved anticancer efficacy in murine
melanoma cells, promoting cytotoxic effects 4.91 times higher
than those treated with free EGCG. Despite these promising
results, the two gold nanoformulations mentioned above
were administered by intratumoral injection, which is an
invasive route of administration. Hsieh et al. synthetized
gold nanocarriers to increase the gastrointestinal stability of
EGCG. The obtained nanosystems were revealed to be stable
in the gastrointestinal environment with sustained release
of EGCG over 2 hours. The authors also demonstrated that
the formulation showed preferential toxicity to cancerous
cells and an in vivo efficiency in reducing the growth of
implanted tumors in mice. The sustained release and the
high cytotoxicity to cancerous cells make these nanocarriers
promising future nanoformulations to use in cancer therapy
[52]. Recently, EGCGconjugated gold nanoparticles have also
been employed for the treatment of cardiovascular diseases.
Khoobchandani and coworkers [53] developed gold nanocar-
riers as an alternative to drug coated stents. Nanocarriers
were stable in several biological media and were internalized
in both smooth muscle and endothelial cells via Laminin
67R receptor-mediated endocytosis. In addition, EGCG-Au
nanocarriers inhibited the migration of smooth muscle cells,
whilemaintaining endothelial cells’ viability and proliferation
capacity. These results revealed the efficiency of EGCG-
coated gold nanocarriers for the treatment of neointimal
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Table 4: Gold nanoparticles used as EGCG carriers. Note. N/A denotes “not available” data.

Particle Loading
capacity (%)

Loading
efficiency (%) Size (nm) Administration

route In vitro/in vivo results Ref.

Gold N/A N/A 20–1200 Intratumoral Noticeable reduction in
bladder tumor in mice. [49]

Radioactive gold N/A N/A N/A Intratumoral

Noticeable reduction of
tumor size achieved after 28

days with a single
administration of the
formulation and with

minor radioactive leakage
to other organs.

[50]

Gold 2 27 68 Intratumoral
High cytotoxicity in

melanoma cell culture and
in mice.

[51]

Gold N/A 27 50 Oral

Nanoformulation stable in
neutral pH with sustained

release of 2 hours.
The in vitro and in vivo
experiments revealed that
the nanoformulation is
highly effective in the

cancer therapy.

[52]

Gold N/A N/A 65 N/A
Selective inhibition of
smooth muscle cell

migration.
[53]

hyperplasia and restenosis, highlighting the potential of these
nanovehicles for the treatment of cardiovascular diseases.

2.5. Other Nanocarriers. Numerous other different materials
can be employed for the development of nanocarriers for
drug delivery. Some of these nanocarriers used for EGCG
entrapment are summarized in Table 5.

Zhang et al. synthesized EGCG-stabilized selenium
nanocarriers coated with Tet-1 peptide as a potential ther-
apy for neurodegenerative diseases. Selenium nanocarriers
revealed high affinity to amyloid beta (A𝛽) and elevated
capacity to inhibit A𝛽 fibrillation and to promote A𝛽 fibril
disaggregation. In addition, these nanocarriers were able to
protect PC12 cells against A𝛽-mediated toxicity. The results
demonstrated that incorporation of EGCG into nanocarri-
ers increased its therapeutic efficacy in neurodegenerative
diseases [54]. EGCG’s strong antioxidant effects can also
be exploited for skin care, providing antiaging benefits and
protection against UV radiation. In this context, Avadhani
et al. [55] synthesized and optimized transfersomes for
coentrapment of EGCG and hyaluronic acid. The produced
formulation demonstrated free radical scavenging effects,
ability to suppress lipid peroxidation, ROS generation, and
MMPs expression in human keratinocyte cell line (HaCaT).
In addition, transfersomes were able to increase skin per-
meation and deposition of EGCG compared to free EGCG.
Similar results were obtained by Shetty et al. [56]. In this
work, peptide dendrimers were produced to enhance the
transdermal delivery of silibinin and EGCG. Peptide den-
drimers could increase skin penetration and deposition of

both compounds, thus highlighting their suitability as deliv-
ery vehicles for skin care applications including antiaging and
UV radiation protection.

EGCG antiangiogenic properties have recently been
explored for the inhibition of corneal neovascularization as a
therapy for several ocular diseases such as blindness. Chang
et al. [57] developed gelatin/EGCG nanocarriers coated with
arginine-glycine-aspartic acid (RGD) peptide to target the
𝛼v𝛽3 integrin expressed on human umbilical vein endothelial
cells (HUVECs) in order to inhibit their activity and thus
suppress angiogenesis. The produced nanocarriers could
effectively target the 𝛼v𝛽3 integrin and inhibit HUVECs
proliferation and migration in comparison to free EGCG.
These antiangiogenic effects were further confirmed in an
in vivo study using a corneal neovascularization mouse
model, where a reduction of vessel growth in the cornea was
observed.

Fan et al. [58] produced 𝛽-lactoglobulin-chlorogenic acid
nanocarriers for EGCG encapsulation. These nanocarriers
could effectively increase EGCG’s chemical stability in phys-
iological environments and induce controlled release of EGCG
in simulated gastric and intestinal environments, being able
to protect EGCG from degradation.

3. Conclusion

There is evidence that tea catechins and, specially, EGCG
contribute to the prevention and treatment of several health
problems, including cancer, Parkinson’s disease, Alzheimer’s
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Table 5: Other EGCG nanocarriers. Note. N/A denotes “not available” data.

Particle Loading
capacity (%)

Loading
efficiency (%) Size (nm) Administration

route In vitro/in vivo results Ref.

Selenium N/A N/A 29 N/A

Enhanced capacity to
inhibit A𝛽 fibrillation and

promote fibril
disaggregation. Protection

of PC-12 against
A𝛽-mediated toxicity.

[54]

Transfersomes N/A 76.5 101.2 Topical

Increased ability to
suppress lipid peroxidation,

ROS generation, and
MMPs expression.

Enhanced ex vivo skin
permeation and deposition
of EGCG across rat skin.

[55]

Peptide dendrimers (glycine,
proline, lysine, and arginine) N/A N/A N/A Topical

Enhanced ex vivo skin
permeation and deposition
of EGCG across rat skin.

[56]

Gelatin N/A 97.13 168.87 Ocular

Inhibition of HUVECs
proliferation and

migration.
Inhibition of vessel

formation in a corneal
neovascularization mouse

model.

[57]

𝛽-Lactoglobulin-chlorogenic acid ∼7.3 ∼73 ∼110 N/A

Enhanced EGCG stability
in physiological

environments. Controlled
release in simulated gastric

and intestinal
environments.

[58]

disease, obesity, and cardiovascular diseases. EGCG is non-
toxic with no documented side effects, making this natu-
ral compound a popular choice for research and for the
prevention and treatment of several diseases. However, this
polyphenol compound possesses low bioavailability and
consequently a large dose is required to reach therapeu-
tic concentrations. Several studies have applied the use of
nanocarriers to improve the bioavailability and stability of
EGCG. Different types of nanocarriers have been used,
including lipid nanoparticles, liposomes, polymeric nanopar-
ticles, gold nanoparticles, and other types of nanocarriers
composed of inorganic materials, proteins, and peptides.The
majority of the studies have focused on lipid and polymeric
nanocarriers, possibly due to their beneficial properties such
as biocompatibility. On the other hand, the safety of gold
and inorganic nanocarriers remains uncertain.The results are
very promising and the nanocarrier formulations increased
the bioavailability and stability of EGCG. Moreover, some
studies showed that the nanoformulations could increase
the permeability in the intestinal barrier with impressive
results when the particles were decorated with ligands, such
as chitosan, which is mucoadhesive and opens the tight
junctions of the intestine. Additionally, the incorporation
of target ligands on the surface of the nanocarriers could
increase the delivery of EGCG to targeted abnormal cells,
including cancer cells. Overall, nanocarriers could efficiently

potentiate the therapeutic activities of EGCG in the treatment
of numerous disorders including cancer and neurodegenera-
tive, skin, and ocular diseases.

4. Future Directions

The cost of applying nanotechnology is a major limitation
and, for that reason, it is important to lower the cost/benefit
for the application of nanocarriers as drug delivery systems
for prevention and therapeutic purposes [145]. In this context,
lipid nanocarriers seem to be very promising since they are
inexpensive and easy to scale up. These types of nanocarriers
showed impressive results in terms of loading efficiency,
which is essential to reduce the costs and the toxicity asso-
ciated with the excipients. The high encapsulation efficiency
obtained is due to the ability of this hydrophilic compound
to complex with the lipids. These recent advances in EGCG
nanodelivery systems reinforced the importance of nanotech-
nology to improve the chemoprevention and therapeutic
effects of EGCG, holding a great promise for future clinical
applications.
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